Aims/hypothesis There are conflicting data about the effect of type 2 diabetes mellitus on exercise tolerance in peripheral arterial disease. To elucidate this problem, we compared the tolerance and physiological responses to treadmill and cycle exercise in 31 patients with peripheral arterial disease and intermittent claudication. Materials and methods One group of these patients had type 2 diabetes (n=12) and its members were matched for sex and age with a group of patients who did not have diabetes (n=12). Since BMI and body weight were greater in the diabetic group (28.4±3.7 vs 25.2±2.4 kg/m 2 ; 84.0± 14.6 vs 73.8±8.0 kg), we also studied a third, 'heavy' group of non-diabetic patients with claudication of similar age (n=7; BMI = 30.9±5.3 kg/m 2 ; body weight = 85.2± 8.2 kg). Results Compared with the 'light' non-diabetic group, maximum treadmill times were shorter for the diabetic and heavy non-diabetic groups (1,448 vs 845 and 915 s; ANOVA p=0.01); maximum cycle time also tended to be shorter (ANOVA, p=0.08) in the diabetic and heavy nondiabetic groups (median = 1,231 vs 730 and 797 s). The majority of physiological responses assessed were not different between the groups, although the time constant of oxygen uptake during submaximal treadmill and cycle exercise was significantly larger (ANOVA p<0.05) for the diabetic group. Conclusions/interpretation These data demonstrate that exercise tolerance is lower in diabetic than non-diabetic patients with claudication, but that this difference is due to obesity rather than diabetes itself.
calf and/or quadriceps muscles during cycling [5] . The primary pathological change leading to intermittent claudication is the atherosclerotic narrowing of one or more of the major arterial vessels feeding the lower limbs, i.e. aorta, iliac, femoral, popliteal and/or tibial arteries, resulting in a reduction of the maximum blood flow to the lower extremities during exercise [6] . In addition, microcirculatory, neuromuscular and metabolic changes occur within the skeletal muscles of the lower extremities, and these could potentially contribute to exercise intolerance in patients with claudication [7] . Since the medical management of PAD should focus on improving exercise tolerance [8] , it is imperative that we better understand the physiological causes of exercise intolerance in this patient group.
Type 2 diabetes mellitus is a major risk factor for PAD and intermittent claudication [9] [10] [11] . Approximately 5% of individuals who develop asymptomatic or symptomatic PAD also present with diabetes [12] [13] [14] . Diabetes is relatively more prevalent in individuals with symptomatic PAD (i.e. intermittent claudication). For example, in the Framingham Heart Study, which followed individuals over a 38-year period, diabetes was more prevalent in subjects who developed intermittent claudication (20%) than in individuals who did not develop claudication (6%) [11] .
Exercise tolerance and cardiorespiratory fitness are impaired in individuals with type 2 diabetes mellitus who do not have PAD or other clinical evidence of cardiovascular disease [15] [16] [17] . However, results on the effect of type 2 diabetes mellitus on exercise tolerance in individuals with PAD and intermittent claudication are conflicting. Pain-free and maximal times spent on a treadmill test were found to be lower in diabetic than in non-diabetic patients with claudication in one study [18] , but were found to be similar in another [19] . Lower-extremity function, assessed using walking, strength and balance tests, was impaired in PAD patients with diabetes compared with those who did not have diabetes [20] . In this latter study, the poorer lowerextremity function in diabetic patients was associated with a higher incidence of neuropathy and cardiovascular disease.
In the study by Dolan et al. [20] , diabetic PAD patients had a significantly lower frequency of exertional leg symptoms and intermittent claudication than non-diabetic PAD patients. An important question that remains unanswered is whether exercise tolerance is affected by type 2 diabetes mellitus in individuals who have PAD with intermittent claudication and whose exercise performance is not limited by symptoms other than claudication, as could have been the case in these other studies [18] [19] [20] . Moreover, there are only very limited data about the symptomatic and physiological responses to exercise that might help explain any differences in exercise tolerance between diabetic and non-diabetic patients with claudication [19] . Therefore, the aim of the present study was to compare exercise tolerance and physiological responses to exercise in diabetic and non-diabetic patients with claudication.
Materials and methods
Subjects All subjects gave their written informed consent to the experimental procedures, which were approved by the ethics committees of the Royal Brisbane and Women's Hospital (RBWH) and University of Queensland, Australia. Patients were recruited from the vascular outpatients' clinic at the RBWH. Thirty-one individuals with PAD (defined as having a resting ankle/brachial index [ABI] < 0.9) and a history of stable intermittent claudication (>1 year) were studied. These patients were selected from a slightly larger sample of patients (n=42) involved in an exercise training study that was described recently [21] . Of these patients with claudication, 12 had been diagnosed with type 2 diabetes mellitus, as confirmed by abnormally high blood glucose and glycosylated haemoglobin levels; these comprised the diabetic group in this study. These patients with claudication were matched for sex and were of a similar age to 12 other patients with claudication but without diabetes (non-diabetic group). Since BMI and body weight were different between the non-diabetic and diabetic groups (Table 1) , a third group of patients with claudication was selected. This group did not have diabetes, but did have similar (i.e. increased) BMI and body weight to the diabetic patients. This third 'heavy' group of non-diabetic patients with claudication (heavy non-diabetic group) was chosen to shed light on the potential influence of body weight on any difference in exercise tolerance between the well-matched diabetic and non-diabetic groups. Unfortunately, the heavy non-diabetic group was smaller (n=7) and had a different sex distribution (four women, three men) from the other two groups.
Patients were excluded from participation in the study if they presented with one or more of the following: unstable or exertional angina, resting limb pain, random syncope, orthopaedic injury, recent or impending surgery, uncontrolled hypertension, a coronary or cerebrovascular event within 1 year of the study, exercise ECG abnormalities, chest pain, dizziness. Physical characteristics and cardiovascular risk factors for these three groups of patients with claudication are shown in Table 1 . Fasting venous blood measurements, including indices of type 2 diabetes mellitus (i.e. plasma glucose and glycosylated haemoglobin levels), are shown in Table 2 .
Exercise testing All subjects completed a screening and familiarisation routine prior to the collection of data reported in this study. After performing an initial screening treadmill test to maximum claudication, subjects returned to the laboratory for a session aimed at familiarising them with all the testing apparatus and exercise protocols, including learning how to walk on the treadmill without handrail support. After these two sessions, they completed at least four maximal graded tests, two on a motorised treadmill and two on an electrically braked cycle ergometer, over a 2-week period. A third test on a given mode was conducted if there was more than 25% difference in maximum walking or cycling times between the two tests [22] . Performance on, and physiological responses to, the last treadmill and cycle test are reported in this study. Each testing session was preceded by a brief (2 h) period of fasting, during which the subjects were only allowed to drink water.
The maximal graded walking test was performed on a motorised treadmill (TrackMaster TMX425CP; Full Vision, Newton, KS, USA) at a constant speed of 2.7 km/h. The treadmill gradient was initially set at 0% for the first 5 min of the test, and then increased by 2% every 3 min until the patient failed to sustain the task. Pain-free walking time and the maximum time spent walking were recorded. This protocol is similar to that used previously by our group [1-3, 5, 23] and is highly reproducible (average CV = 6%) when conducted after the above-mentioned familiarisation routine [2] . The maximal graded cycle test was performed on an electrically braked cycle ergometer (Lode Rehcor, Groningen, The Netherlands) at a cadence of 60 rpm. For the first 5 min of the test the power output was set at 30 W, and thereafter it was increased 10 W each 3 min until the subject failed to sustain the required cadence. Pain-free cycling time and the maximum time spent cycling were recorded. During the treadmill and cycle tests, the site(s) and severity of claudication pain were assessed every 60 s and at the end of exercise using a pain severity scale (0 = no pain, 5 = maximum pain).
Physiological measurements Heart rate and pulmonary gas exchange data were collected for 2 min prior to exercise, while the subject was seated on the cycle ergometer or standing on the treadmill, as well as throughout exercise. 
where VO 2 (t) is VO 2 at time t, VO 2 (a) is the resting baseline VO 2 , b is the amplitude of the VO 2 response from rest to steady state, TD is the time delay from the onset of exercise to the initiation of phase II, and τ is the time constant. The time constant (τ) represents the speed with which VO 2 responds to exercise: a low time constant reflects a fast response; whereas a high time constant reflects a slow response. We excluded the first 40 s of data from analysis because this period, on average, corresponded to the duration of the first phase of the VO 2 response in another group of claudicants we had studied [2] , and this is a phase that does not accurately reflect metabolism in working skeletal muscle. Curve fitting and parameter estimation were made using weighted leastsquares non-linear regression techniques and TableCurve 2D software (1996; Jandel Scientific, San Rafael, CA, USA). Because of relatively noisy data and poor fitting, one subject from the non-diabetic group and two subjects from the diabetic group were excluded from the analysis of VO 2 kinetics.
The ABI was measured in triplicate in both legs at the end of a 20-min period of rest. The ABI was calculated using the systolic pressures of the highest brachial artery and the higher of the dorsalis pedis or posterior tibial arteries in each leg, all of which were measured within 60 s of each other. An average resting ABI value for each leg was obtained by averaging the closest two of the triplicate measures.
Statistical analysis Comparisons of variables between groups were made using a one-way ANOVA when the data were normally distributed or a Dunn's non-parametric test when the data were not normally distributed. Values are reported as means and standard deviations, unless otherwise stated. Relationships between variables were established using Pearson's correlation coefficient. Statistical significance was set at p ≤ 0.05. Statistical tests were not performed on the incidence data in Table 1 because the observed frequencies were too low. Tables 1 and 2 show that the three groups of patients were well matched for age, blood pressure and resting ABIs. The diabetic and heavy non-diabetic patients with claudication were significantly heavier and had a significantly higher BMI than the nondiabetic patients with claudication. The diabetic group had significantly higher fasting blood glucose, HbA 1c , triacylglycerol and VLDL levels than the other groups. Only three Calf pain  11  9  5  3  7  3  Quadricep pain  2  2  0  9  5  5  Hamstring pain  3  1  2  0  1  0  Buttock pain  6  2  1  0  0  1  Dyspnoea  1  3  0  1  4  1  General fatigue  1  1  1  1  0  1 of the 12 diabetic subjects had been diagnosed with neuropathy by their physicians.
Results

Subject characteristics The data in
Exercise responses All subjects reported claudication pain during the treadmill and cycle tests. The number of symptoms that limited performance and were cited as the reasons for stopping exercise varied between one and three (shown in Table 3 ). Maximum exercise times in the three groups were not normally distributed. A box plot of maximum exercise times on the treadmill and cycle tests is shown in Fig. 1 . Maximum walking time was significantly shorter in the diabetic (median = 845 s) and heavy non-diabetic (median = 915 s) groups than in the non-diabetic group (median = 1,448 s). There was also a tendency (ANOVA p=0.08) for maximum cycle time to be shorter in diabetic (median = 730 s) and heavy non-diabetic (median = 797 s) than in non-diabetic subjects (median = 1231 s). Pain-free exercise times were not significantly different between diabetic, non-diabetic and heavy non-diabetic subjects on the treadmill (median = 255 vs 278 vs 360 s) or cycle test (383 vs 510 vs 323 s). For all 31 subjects, BMI, but not body weight, was significantly correlated with maximum walking time (Fig. 2a) . The correlation between BMI and maximum cycling time (r=−0.22) was not significant.
Physiological responses prior to and during the exercise tests are shown in Table 4 . Although the VO 2 (l/min) at rest and during submaximal exercise tended to be higher in diabetic and heavy non-diabetic than in non-diabetic subjects, these differences never achieved significance. Peak VO 2 (ml kg −1 min −1 ) during the treadmill and cycle tests tended to be lower in the diabetic and heavy nondiabetic than in the non-diabetic group, although these differences were not significant (ANOVA p=0.12-0.20).
Parameters describing the kinetic response of VO 2 during the first stage of the exercise tests are shown in Table 5 . Baseline VO 2 (parameter a) for treadmill exercise was significantly larger in diabetic and heavy non-diabetic than in non-diabetic subjects, and the VO 2 time constant was significantly larger in diabetic than in the other two groups. The VO 2 time constant for submaximal cycling was also significantly larger in diabetic than in the other two groups. When all subjects were analysed, the VO 2 time constant during treadmill exercise was significantly correlated with maximum walking time (Fig. 2b) .
Discussion
Exercise tolerance is often measured as the maximum time sustained on a graded treadmill test. Previous studies have shown that exercise tolerance is severely impaired in patients with claudication and that, on average, maximum exercise times are ∼40 to 50% of those values observed in healthy controls [1] [2] [3] [4] . These data are based on studies that have excluded individuals with type 2 diabetes, yet a significant number of patients with claudication have type 2 diabetes (see Introduction). Very few studies have examined the effect of type 2 diabetes on exercise tolerance in patients with claudication, and findings from these few studies are conflicting [18] [19] [20] .
In the current study, exercise tolerance was assessed in more detail than in these previous studies; we also used highly reproducible graded treadmill and cycle tests [2, 5] . Subjects were selected from a cohort of 42 patients with claudication who participated in a recent exercise training study [21] . Twelve of these patients with claudication were in the diabetic group and they were matched for sex and age to 12 non-diabetic patients with claudication from the non-diabetic group.
On average, exercise tolerance was 40% lower in the diabetic than in the non-diabetic group, when it was assessed using either the graded treadmill or cycle test (Fig. 1) . These findings substantiate other evidence of greater exercise dysfunction in PAD when diabetes is present [18, 20] . However, body weight and BMI were significantly higher in the diabetic group, an effect also reported by others [16, 20] . Since an increase in body weight lowers exercise tolerance in older subjects [23] , we included a second non-diabetic group in the present study, whose members were as heavy as the diabetic group. The fact that exercise tolerance in the heavy non-diabetic group was similar to that of the diabetic group, but lower than that of their lighter non-diabetic counterparts, suggests that the lower exercise tolerance in diabetic patients with claudication is more likely to be caused by higher body weight than by diabetes itself. This interpretation is further supported by the significant, inverse correlation between exercise tolerance and BMI (Fig 2a) . Although peak VO 2 was not different between the groups, a heavier body weight tended to both increase the O 2 cost of submaximal exercise and reduce peak VO 2 relative to body weight (ml kg (Tables 4 and 5 ).
Both of these factors increase the relative intensity of exercise at a given workload and reduce the time that can be sustained on a graded test [23] . The kinetic response of VO 2 during submaximal exercise (i.e. τ =time constant) is impaired in type 2 diabetes mellitus [16] and PAD [2, 24] . The time constant of O 2 uptake reflects the speed with which VO 2 increases towards its steady rate, with a relatively higher value reflecting a relatively slow response. Our previous observations in PAD patients suggests that a slowing of this VO 2 response during submaximal exercise might lower the tolerance of maximal graded exercise [2, 23] . In the present study, the kinetic response of VO 2 was impaired in the diabetic patients with claudication compared with the non-diabetic groups (Table 5) . Moreover, there was a significant, inverse correlation between the VO 2 time constant during treadmill walking and maximum walking time (Fig. 2b) , as we had observed previously in a different group of patients with claudication [2] . This raises the possibility that the lower exercise tolerance in the diabetic group could be partly mediated by relatively slowed VO 2 kinetics, an effect that is independent of the influence of BMI on exercise tolerance given the lack of association between BMI and the VO 2 time constant (Fig. 2c) . However, this possibility is weakened by our finding that exercise tolerance was similar between the diabetic and heavy non-diabetic groups, despite their different VO 2 kinetics.
The severity of PAD (i.e. resting ABI) was not different between the groups and so it alone cannot explain the poorer exercise tolerance in the diabetic group. However, the ABI is a poor predictor of the lower-limb haemodynamic response to exercise [25, 26] , and there is evidence of more severe atherosclerosis in distal segments of the lower extremity in diabetic compared with non-diabetic patients with claudication [27] . Therefore, we cannot exclude the possibility that muscle blood flow during exercise was more impaired in diabetic patients with claudication. The greater incidence of previous hypertension in the diabetic group (Table 1) compared with the well-matched non-diabetic group suggests that muscle phenotypic characteristics associated with hypertension, such as capillary rarefaction and a greater percentage of type II fibres, might also be present in diabetic skeletal muscle and further reduce exercise tolerance [1] . Since we did not formally test for neuropathy, we also cannot exclude the possibility that the more severe intolerance to exercise in the diabetic group is partly attributable to neuropathy.
Individuals with PAD or diabetes often have other diseases that lower exercise tolerance, such as coronary artery disease, heart failure, respiratory disease and concomitant orthopaedic/arthritic disabilities. In the study by Dolan et al. [20] , the poorer functional status of diabetic PAD patients was attributed partly to a higher incidence of neuropathy and concomitant cardiovascular disease. The diabetic PAD patients in that study reported a lower frequency of exertional leg symptoms and intermittent claudication than non-diabetic PAD patients, and a higher frequency of resting leg pain. The diabetic patients in the present study were clearly different from those studied by Dolan et al. [20] because they all had intermittent claudication and did not report resting leg pain. Patients in the present study were only included if exercise tolerance was limited by claudication (Table 3) ; thus the exclusion criteria applied in the present study ensured that exercise tolerance was not limited by the above-mentioned coexisting diseases or other contraindications to exercise. Although there was a slightly higher incidence of previous stroke and myocardial infarctions in the diabetic group (Table 1) , which might have lowered exercise tolerance, the average performance response for those diabetic patients who had experienced these clinical events was similar to the average for the entire diabetic group. A higher usage of antihypertensive and hypoglycaemic medication was observed in the diabetic group, but to our knowledge their effects on intermittent claudication and exercise tolerance are not known.
A limitation of the present study was the relatively small number of subjects (n=31) tested, and so the findings should be considered as preliminary. Another limitation was the fact that the group of heavy non-diabetic patients with claudication had a relatively higher proportion of women than the other two groups. The 31 subjects tested in the present study were selected from a slightly larger group of 42 patients with claudication involved in an exercise training study [21] , 18 of whom were women. Tolerance of graded treadmill exercise was not significantly different between these 18 women (median=923 s) and the 24 remaining men (median=1,119 s), suggesting that sex cannot explain the significantly lower tolerance to treadmill exercise in the diabetic and heavy non-diabetic groups in the present study.
In conclusion, the findings of this preliminary study show that type 2 diabetes mellitus accentuates the exercise intolerance in patients with PAD and intermittent claudication. This effect appears to be mainly a function of greater body weight and/or BMI, rather than of diabetes as such. The fact that the VO 2 time constant was significantly related to exercise tolerance and not correlated with BMI raises the question of what, if any, contribution slowed VO 2 kinetics makes to exercise intolerance in PAD. This aspect deserves further investigation.
